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A simple model for baroplastic behavior in block copolymer melts
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A simple model for the free energy of mixing of compressible polymer blends is derived, based on
the regular solution model. Its ability to predict phase behavior for weakly interacting polymer pairs
using only the pure component properties of mass density, solubility parameter, and thermal
expansion coefficient is illustrated for mixtures of polystyrene and poly(n-alkyl methacrylates) with
n<12. The model yields a clear explanation for the strong pressure effects observed in some of
these systems, including the first reported baroplastic elastomer. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1361072#
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In dramatic contrast to the classical miscibility gap
upper critical solution transition~UCST! observed upon
cooling in most organic or inorganic small molecule mi
tures and alloys, polymer blends and solutions are know
also undergo, in some instances, phase separation upon
ing through a lower critical solution transition~LCST!.1,2

The observation of this inverted coexistence curve is a di
consequence of the reduced combinatorial entropy of mix
in macromolecular systems compared to their small molec
analogs. Indeed, under these circumstances, additiona
tropic factors otherwise negligible and arising from diffe
ences in the pure componentP–V–T properties govern the
free energy of mixing at elevated temperature and destab
the mixture. This has been demonstrated by several aut
using equation-of-state~EOS! theories such as the Prigogin
cell model,3 the Flory–Orwoll–Vrij theory,4,5 the Sanchez–
Lacombe lattice fluid model,6,7 the lattice cluster theory8 and
the more recent EOS of Hino and Prausnitz.9

Similar to polymer blends, diblock copolymers, where
the two chemically distinct polymer chains are covalen
bonded together, can also undergo a disorder–order tra
tion ~local phase separation! either upon cooling~UDOT!10

or upon heating~LDOT!, or both,11 accompanied by a rheo
logical transition from liquidlike to solidlike properties.

The observation of LDOT-type behavior in block c
polymers has important implications from an applicatio
standpoint. Indeed, empirically, phase separation upon h
ing through a LCST/LDOT is always accompanied by
positive change in volume, leading to the strong press
effects reported for this transition.12,13 For example, by ap-
plying hydrostatic pressure, the LDOT reported f
polystyrene-block-poly n-butyl methacrylate~PS-b-PBMA!
is raised by as much as 150 °C/kbar, an unprecedented
servation of pressure effects in polymers.12 Pressure has a
equally profound effect on the rheological properties of t
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material, inducing Newtonian flow by disordering the c
polymer. While it has been recognized that such ‘‘baroplas-
tic’’ behavior could be highly advantageous for processin
in practice, its exploitation has been impeded by a lack
simple predictive tools for designing new baroplastic po
mers of commercial relevance. In this paper, we describ
simple free energy model for compressible polymer blen
extendable to block copolymers, that can serve as a pre
tive tool for the design of miscibility and baroplastic beha
ior into weakly interacting polymer mixtures. Employing th
model, the explanation behind the systematic change
phase behavior recently reported for a homologous serie
styrene/n-alkyl methacrylate copolymers is mad
transparent.14

To proceed, we consider a compressible blend comp
ing nA chains of polymerA, each containingNA segments of
hard core~0 K, zero pressure! volumevA , andnB chains of
polymer B, each containingNB segments of hard core vol
umevB . The total volume occupied by each polymer com
ponent in the pure state, denotedVi , is assumed to be a
function of both temperature and pressure, thereby allow
for thermal expansion and compressibility. The total volum
V occupied by the phase-mixed blend differs from the s
of the pure component volumesVA1VB by the quantity
DVmix , the change in volume on mixing.

As pointed out by Hildebrand and Flory,15 the change in
combinatorial entropy upon mixing for a compressible tw
component polymer solution or mixture should scale log
rithmically with the ratios of the unoccupied or ‘‘free’’ vol
ume available in the mixture,Vf ,m , to that in the pure
components,Vf ,A andVf ,B :

DSmix /k5nA lnS Vf ,m

Vf ,A
D1nB lnS Vf ,m

Vf ,B
D . ~1!

The free volume of componenti , Vf ,i , is defined here as
the difference between the total volumeVi at temperatureT
and pressureP and the occupied or hard core volum
Vf ,i(T,P)5Vi(T,P)2niNiv i ; similarly Vf ,m5V(T,P)
2(nANAvA1nBNBvB). Following the formalism typically

.

5 © 2001 American Institute of Physics
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adopted in EOS theories,16 Vf ,i andVf ,m can be expressed i
terms of the reduced densitiesr̃ i5r i /r i* , wherer i is the
mass density atT and P and r i* 5Mu,i /(N0v i) is the hard
core density for a monomer of molecular weig
Mu,i(g/mol) ~N0 is Avogadro’s number!:

Vf ,i~T,P!5~12 r̃ i !Vi~T,P!. ~2!

Using this definition, Eq.~1! can be rewritten as

DSmix /k52@nA ln fA1nB ln fB#

1FnA lnS 12 r̃

12 r̃A
D1nB lnS 12 r̃

12 r̃B
D G , ~3!

wheref i is the pure component volume fraction, defined
Vi /(VA1VB). In Eq. ~3!, we have made use of the approx
mationf i'Vi /V, sinceDVmix is typically ;o(1024)V for
macromolecular mixtures. Equation~3! consists of two
terms: the ideal~incompressible! entropy of mixing, and a
second term that arises from compressibility and is relate
the difference in free volume between the mixture and
pure components.

In keeping with the spirit of the well-known Flory–
Huggins theory and assuming random mixing~mean field
approximation!, a simple expression for the change in inte
action energy can also be derived. In the phase separ
~pure! state, the total interaction energy can be obtained
counting the number of pairwiseA–A andB–B interactions.
Herein, this is done in terms of hardcore cohesive ene
densitiesd i ,0

2 52 1
2z« i i /v i ~energy/vol!:

Epure5nANAvA3S 1

2

z«AA

vA
D3

nANAvA

VA

1nBNBvB3S 1

2

z«BB

vB
D3

nBNBvB

VB

52nANAvAdA,0
2 r̃A2nBNBvBdB,0

2 r̃B , ~4!

where « i i is the attractive~negative! segmental interaction
energy of thei – i pair andz is the number of nearest neigh
bor monomers in the pure melts.~An alternate ‘‘off-lattice’’
derivation forDEmix is provided in Appendix A.17! The di-
lution factorsr̃ i multiplying the self-interaction energy term
reflect the reduced probability of segmental interactions
the pure compressible melts compared to the hardcore
~incompressible limit!. The interaction energy in the mixe
state can be calculated in a similar fashion, making use of
classical regular solution model approximation18 for the
cross-interaction energy densitydAB,0

2 :

dAB,0
2 5

1

2

zA«AA«BB

AvAvB

5dA,0dB,0 , ~5!

yielding

Emixed52nANAvAdA,0
2 fAr̃A2nBNBvBdB,0

2 fBr̃B

22nANAvAdA,0dB,0fBr̃B . ~6!

Again, the dilution factorf i r̃ i5niNiv i /V represents the re
duced probability of interacting with a segment of typei in
the compressible mixed state compared to the hardcore s
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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From Eqs.~4! and ~6!, a very simple perfect square i
obtained for the change in interaction energy per unit v
ume,DEmix /V:

DEmix

V
5fAfBr̃A

2dA,0
2 1fAfBr̃B

2dB,0
2 22fAfBr̃Ar̃BdA,0dB,0

5fAfB~ r̃AdA,02 r̃BdB,0!
2. ~7!

Note that, alternatively, Eq.~7! can be rewritten in a form
that more transparently separates the compressible an
compressible contributions to the change in interaction
ergy. Adding and subtracting the sumfAfBr̃Ar̃B(dA,0

2

2dB,0
2 ) to ~7! and defining theT- andP-dependent cohesive

energy density asd i
25 r̃ id i ,0

2 , one obtains

DEmix

V
5fAfBr̃Ar̃B~dA,02dB,0!

2

1fAfB~ r̃A2 r̃B!~dA
22dB

2 !. ~7a!

In ~7a!, the first term is the classical exchange interact
energy, diluted by the factorsr̃ i . It can be related back to th
Flory–Huggins’ interaction energy via the approximation:

xAB'AvAvB

~dA,02dB,0!
2

kT
. ~8!

The second term in~7a!, which can either be positive o
negative, arises from the dilution or concentration of se
interactions (« i i ) upon mixing. Hence, if componentB is
characterized at the same time by a larger free volumer̃A

. r̃B) as well as stronger self-interactions (dB
2.dA

2) than
componentA, the contraction this component will underg
upon mixing is energetically favorable.

Combining Eqs.~3! and ~7a!, the total change in free
energy per unit volume,Dgmix , at atmospheric pressur
(PDVmix term ignored! is given by

Dgmix5kTFfAr̃A

NAvA
ln fA1

fBr̃B

NBvB
ln fBG1fAfBr̃Ar̃B

3~dA,02dB,0!
21fAfB~ r̃A2 r̃B!~dA

22dB
2 !. ~9!

In this expression, the second term of Eq.~3! was neglected,
since it is in fact orders of magnitude smaller than the le
ing terms. This yields a simplified expression forDgmix ,
which dependsonly on the pure component propertiesof
reduced density and cohesive energy density or solub
parameter. As shown in Appendix B, the stability criterio
for the mixed state at atmospheric pressure is then rea
obtained from the second derivative of the intensive free
ergy with respect to composition:

]2g

]fA
2 U

T,P

'
]2g

]fA
2U

T,P,r̃

5kTF r̃A

fANAvA
1

r̃B

fBNBvB
G

22r̃Ar̃B~dA,02dB,0!
2

22~ r̃A2 r̃B!~dA
22dB

2 !.0 ~10!
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FIG. 1. Predicted phase diagrams and experimental cloud points for PS/P(n-alkyl methacrylate) blends. Homopolymer molecular weights are indicated
each spinodal or cloud point curve as follows: XX K5XX 000 g/mol.
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In the remainder of this paper, we employ the free e
ergy model derived above to predict phase diagrams at a
spheric pressure for a series of styrene/n-alkyl methacrylate
systems, the phase behavior of which was investigated
perimentally and reported elsewhere.14 To this end, the pure
component propertiesr̃ i(T) and d i(T) were determined
from experimental PVT data16 and group contribution~GC!
calculations.19 The reduced densities were obtained
simple extrapolation of Tait equation fits of mass dens
data to 0 K at zero pressure assuming a constant ther
expansion coefficienta i ~the melt state value! as a first ap-
proximation. This procedure yields the hardcore densityr i*
and, hence,r̃ i(T) and d i

2(T)5d i
2(298)(r̃ i(T)/ r̃ i(298)),

whered i
2(298) is the room temperature cohesive energy d

sity calculated according to van Krevelen.19

Previously, we reported14 that block copolymers of PS
and poly(n-alkyl methacrylates) of side chain length 2<n
<4, namely, poly~ethyl methacrylate!, PEMA, poly~propyl
methacrylate!, PPMA, and PBMA, are miscible over a siz
ableT range, and exhibit LDOT behavior. In contrast, pol
~methyl methacrylate!, PMMA (n51), as well as alkyl
methacrylates withn.4, are increasingly immiscible with
PS, and the corresponding block copolymers exhibi
UDOT, only observable for very low molecular weight
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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Figure 1 shows the spinodals predicted from Eq.~9! for
blends of PS and the six poly(n-alkyl methacrylates) for
which P–V–T data were available,16,20 namely, PMMA (n
51), PEMA (n52), PBMA (n54), PHMA (n56),
POMA (n58), and PLMA (n512). Experimental coexist-
ence~cloud point! curves for blends of these systems, on
available for PS/PMMA,21,22 PS/PEMA,23 and PS/PBMA,24

are also shown for comparison. As can be seen, Eq.~9! cor-
rectly captures the qualitative phase behavior of most
these systems. Hence, PS/PEMA and PS/PBMA are
dicted to exhibit both a low UCST and a high LCST sep
rated by a mixed-state window. In contrast, for PMMA
POMA, and PLMA, increasingly high UCST’s are predicte
only observable in an experimentally accessibleT range for
very low molecular weights. Moreover, the reasonable qu
titative agreement with experimental cloud points near
critical point is encouraging, considering that no adjusta
parameters were used for the predictions. The only devia
from our observations is found for PS/PHMA. For this blen
a LCST is predicted, though block copolymers of these co
ponents display the UDOT.14 Otherwise, the qualitative
agreement between the model predictions and the exp
ments is excellent, implying that the model proposed her
can be used in a predictive capacity, at least for weakly
teracting systems.

More generally, the model offers a simple molecular e
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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planation for the LCST/LDOT and the ‘‘baroplastic’’ beha
ior observed for PS-b-PBMA. Indeed, it can be readily
shown that, independent of the choice of reference~hard-
core! state, PS has a higherr̃ ~i.e., less free volume! than the
alkyl methacrylates. On the other hand,d at 25 °C is lower
for PS than for alkyl methacrylates withn,6 carbon atoms.
Hence, at low temperatures, the third term of Eq.~9! is nega-
tive for these systems, favoring mixing. However, as te
perature increases, the values ofr̃ and d decrease due to
thermal expansion. The magnitude of these changes is
tated by the value ofa. Since aPS is much lower than
aPnAMA except for PMMA,16 the cohesive properties of mo
alkyl methacrylates weaken with increasingT more rapidly
than those of PS. This implies that there will inevitably be
temperature at which the third term of Eq.~9! becomes posi-
tive, ultimately overcoming the combinatorial entropy
mixing and driving phase separation.

While these considerations relate to the variation
phase behavior with temperature only, an analogous dis
sion can be held to explain the large pressure effects
served for LCST/LDOT-type systems. Of the three terms
Eq. ~9!, the third term is by far the most pressure sensiti
scaling with the difference in pure component cohesive pr
erties and, more importantly, its variation withT and P.
While temperature enhances these differences ind and r̃,
pressure acts in the opposite direction, suppressing the
ing force for phase separation. However, a necessary bu
sufficient condition for the observation of these effects is t
the exchange interaction energy (dA,02dB,0)

2 be sufficiently
small, i.e., of comparable magnitude to the third term of E
~9!, which describes precisely the case for PS and poly~alkyl
methacrylates! with 2<n<4.14 In contrast, when (dA,0

2dB,0)
2 is large, this classical interaction term dominates

free energy and the system displays a UCST/UDOT, obs
able only for very low molecular weights and accompan
by minor pressure effects. This is seen for the PS/PMM
system and for PS blended with methacrylates having l
alkyl side chains (n.6).

Based on this discussion and the predicted LCST
PS/PHMA (n56), strong pressure effects were expected
this system, despite the experimentally observed UDOT
fact, such behavior was recorded inin situ small-angle neu-
tron scattering~SANS! studies under hydrostatic pressu
~performed at the NIST Center for Neutron Research! on a
34 300 g/mol~34.3 K! PS-b-PHMA copolymer containing
49 wt % PS. The copolymer was synthesized anionicall14

and pressure studies were performed following the appro
described in Ref. 12. Figure 2 shows the circularly avera
SANS intensity profile at 140 °C and indicated pressures
P<0.2 kbar, a sharp first-order reflection (Dq/q50.2) is ob-
served, indicative of the ordered state. However, betw
0.17 and 0.33 kbar, the discontinuous drop in peak inten
and broadening of the reflection (Dq/q50.3) signify a
pressure-driven order–disorder transition. From similar d
obtained at consecutive temperatures, an unexpectedly
pressure coefficient of260 °C/kbar was determined, demo
strating ‘‘baroplastic’’ behavior for this system. This obse
vation indicates that, despite its UDOT-type behavior, co
pressibility plays a dominant role in the free energy of t
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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system, as suggested by the phase diagram predicted
Eq. ~9!. This is in contrast to most observations of press
effects on UDOT-type block copolymers, typically displa
ing much smaller and positive pressure coefficients of o
65 – 20 °C/kbar. Given its large negative pressure coe
cient and the disparate glass transitions of its two com
nents,Tg,PS5100 °C andTg,PHMA525 °C, PS-b-PHMA is
the first of a class of new ‘‘baroplastic elastomers.’’ Th
material should indeed exhibit melt-state formability at mo
est temperatures under the pressures characteristic of
mon processing methods, such as compression or injec
molding.

In conclusion, a simple model for the free energy
mixing of polymer blends is proposed which qualitative
predicts the phase behavior of weakly interacting polym
pairs. This is illustrated here for a series of styrene/n-alkyl
methacrylate blends, and in a following paper for 24 oth
polymer pairs, including various polyolefin mix
tures, polycarbonate/PMMA, styrene-acrylonitrile/PMMA
PMMA/polyethylene oxide, PS with polybutadiene, polyis
prene, poly~vinyl methyl ether!, poly~cyclohexyl methacry-
late!, poly~a-methyl styrene!, poly~phenylene oxide!, etc.25

In its essence, the model extends the classical regular s
tion model for binary mixtures to account for thermal expa
sion. Its success in capturing the thermodynamic trends
macromolecular mixtures hints at a wider applicability
other systems, including polymer solutions, organic so
tions, and possibly other small molecule mixtures or allo

This work was supported in part by an unrestricted gr
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ing facilities used in this work. This material is based up
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can Educational Foundation. The authors acknowle
useful discussions with G. Ceder, S.K. Kumar, and S
Milner.

FIG. 2. SANS profile for 34.3 K PS-b-PHMA at 140 °C and indicatedP.
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APPENDIX A

In Eq. ~7!, DEmix may be alternately derived withou
reference to a lattice by assuming a van der Waal’s inte
tion potentialwi j (r ) between monomersi andj separated by
a distancer to take the formwi j (r )52Ci j /r 6, whereCi j

is the van der Waals energy coefficient, having units
energy3volume.2 The total interaction energyEi j for niNi

monomers ofi interacting withnjNj monomers ofj in a
volumeV is given by17

Ei j 5(
i , j

niNi

2 E
s i j

`

wi j ~r !r j8~r !4pr 2 dr

5(
i , j

niNi

2 E
s i j

` 2Ci j

r 6 r j8~r !4pr 2 dr, ~A1!

wherer j8(r ) is the localnumberdensity ofj segments,s i j is
an averaged segment hardcore diameter, and the syste
assumed to be isotropic. Invoking the mean-field approxim
tion r j8(r )5niNi /V, and further assuming thatCi j

5(Cii Cj j )
1/2 ands i j 5(s i i s j j )

1/2, the integral in~A1! yields

Ei j 52(
i , j

niNi

2p~Cii Cj j !
1/2

3~s i i s j j !
3/2 S njNj

V D . ~A2!

The total interaction energy for the pure state is therefor

Epure5Epure,A1Epure,B52nANA

2pCAA

3sA
3 S nANA

VA
D

2nBNB

2pCBB

3sB
3 S nBNB

VB
D . ~A3!

Noting thatr̃ i5niNiv i /Vi , and identifying the 0 K cohesive
energy density of each component as

d i ,0
2 5

2pCii

3s i i
3v i

2 ~A4!

we can rewrite~A3! as

Epure52nANAvAdA,0
2 r̃A2nBNBvBdB,0

2 r̃B ~A5!

which is identical to Eq.~4!. Similarly, the mixed state en
ergy is given by

Emixed52nANA

2pCAA

sA
3 S nANA

V D2nBNB

2pCBB

sB
3 S nBNB

V D
2nANA

2p~CAACBB!1/2

3~sAsB!3/2 S nBNB

V D
2nBNB

2p~CAACBB!1/2

3~sBsA!3/2 S nANA

V D . ~A6!

Settingf i r̃ i5niNiv i /V anddAB,0
2 5dA,0dB,0 we obtain

Emixed52nANAvAdA,0
2 fAr̃A2nBNBvBdB,0

2 fBr̃B

22nANAvAdA,0dB,0fBr̃B ~A7!

which is equivalent to Eq.~6!. The change in interaction
energy upon mixing is then calculated asDEmix5Emixed

2Epure.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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APPENDIX B

For a compressible binary mixture, phase stability
quires that the system be stable with respect to both com
sition and volume fluctuations.4,5,26,27When the Gibbs free
energy is used, this translates into the following mathem
cal expression for the stability condition:26,27

]2g

]fA
2 U

T,P

5
]2g

]fA
2U

T,P,r̃

2 r̃bS ]2g

]r̃]fA
U

T,P
D 2

50. ~B1!

However, since the simplified free energy expression giv
by Eq. ~8! only depends on pure component variables a
not on r̃, the second term of Eq.~B1! is equal to zero. At
atmospheric pressure, spinodal temperatures can thu
readily calculated using the stability criterion given by E
~9!.
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